Simulations of a horizontal axis wind turbine using direct modeling of the rotor blades are presented. The computational numerical solution was carried out in order to get a better understanding of wake development as well as the possibility to predict the power available in the wakes for the turbines located in the downstream direction. The amount of power extracted from the wind turbine and the power available in the wake were studied for different tilt angles of the blades varied from 0 to 15 degrees. However the wind turbine extracted less power by tilting the rotor blades, the power available in the wake downstream the turbine was significantly increased compared with zero tilt angle. The results show that control of the tilt angle can maximize the total power output of the wind farm. This study provides a method to control the wake actively and thus optimize the efficiency of a wind farm.
Introduction
The wind passing through a wind turbine has lower velocity and higher turbulence, which would cause power loss in the wind turbine located on the downstream side. Consequently, the downstream turbines in a wind farm cannot extract as much power from the wind as the first row turbines due to wakes. Thus, it is important to predict the effect of these wakes so as to maximize the power output of a wind farm.
For long period of time, the use of control on the wind turbine was to extract as much energy as possible from the wind to maximize the power output from the wind turbine and at the same time, to protect the wind turbine from damage due to excessive loads and hence increase the wind farm life time [Boukhezzar and Siguerdidjane (2009) ; Thumthae and Chitsomboon (2009) ; Lanzafame and Messina (2010) ]. In order to achieve this, wind turbines could be optimized using different aspects such as pitch angle, rotational speed, yaw angle, and so on. However, these control methods cannot consider the effects of these wakes, such as velocity defects and an increase of the turbulent intensity, and does not guarantee the maximum aerodynamic power of the wind farm. Hence, the control methods considering all the wind turbines of a wind farm and the overall power output are needed and have become a field of major interest. The total power output could be increased even when installing the upstream turbine to operate slightly outside the optimum setting which extracts less power. Currently giant grid connected wind turbines feature constant rotational speed to produce electricity with constant frequency [Burton et al. (2011)] . Recently, Jaejoon et al. (2013) have investigated a method to control the pitch angle of turbines to maximize the aerodynamic power of a wind farm. They showed that control of the pitch angle can affect the wakes significantly and maximize the power output of the wind farm. The wake interference effect on the performance of a downstream wind turbine was investigated experimentally using two similar model turbines by Adaramola and Krogstad (2011) . They observed that yawing the upstream turbine has a positive impact on the power output from the downstream turbine. The gain in total power output from the two turbines could be increased by about 12%.
The objective of this study was to use computational fluid dynamic methodology to study the wake characteristics of the wind turbine under different tilt angles in order to maximize the power output from the downwind turbine. In case of the wind turbine blades tilted, it is very difficult to arrive the information needed for the actuator disk model. Hence, in the present work, the direct rotor modeling of the Danwin 180 kW wind turbine [Magnusson et al. (1996) and Magnusson and Smedman (1999) ] was carried out. The computations were performed using the Reynolds-Averaged Navier-Stokes (RANS) equations, applying the standard k-turbulence model.
Numerical Simulation

Governing equations
The flow under consideration is governed by the incompressible steady threedimensional Navier-Stokes equations. The direct rotor modeling is carried out, in which the presence of the blades is taken into account by discretizing the actual blades on a computational mesh. A rotating reference frame is used for the region around the rotor and a fixed reference frame is used for the rest of the computational domain. The continuity and RANS equations for the moving reference frame are written in terms of relative velocity r u as follows [Thumthae and Chitsomboon (2009) 
where ρ is the density, r is the position vector from the origin of the moving frame, ω is the angular velocity relative to the stationary frame and the Reynolds tensor r τ is given by
where t e μ μ μ + = ; t μ is the turbulent viscosity evaluated using the turbulence models explained in the next subsection.
Turbulence modeling
The standard k-model proposed by Launder and Spalding (1974) is considered in the analysis. This model has been chosen for the closure of the Reynolds averaged turbulent flow equations, mainly because of its wide use and because of the availability of k and properties of the atmospheric boundary layer meteorological. The transport equation for the turbulent kinetic energy k is written as;
where t P is the production of the turbulence kinetic energy,
The dissipation rate equation is given by;
The turbulent (eddy) viscosity is computed according to
The constants for the k-model are 
Computational domain and Boundary Conditions
The computational domain shown in Fig. 1 is extended 25 D downstream of the wind turbine in the streamwise direction (D is the rotor diameter) and 8 D in the spanwise direction. The height of the domain is 5 D and the inlet boundary is positioned 2.5 D upstream of the wind turbine. The turbine rotor has three blades of the NACA 63-2xx airfoil series distributed along the blade span with a diameter of approximately 23 m. The velocity, turbulent kinetic energy, and dissipation rate profiles proposed by Richards and Hoxey (1993) for neutral stratification conditions are implemented in the inlet. The static pressure is considered to be zero value relative to the atmospheric pressure, at the outlet boundary. Symmetry boundary conditions were applied to the two lateral surfaces. A free-slip condition was applied at the top, based on a no vertical wind speed gradient assumption, and a rough-wall condition of Parente et al. (2011) was applied to the ground surface. The wind turbine operates in a rotating reference frame, represented by the volume V r , at a rotational speed of 42 rpm. Nearwall treatment for the rotor surface is handled by the standard wall functions of Launder and Spalding (1974) . 
Computational mesh
The computational domain was meshed by ICEM with a mixed three-dimensional mesh, to carry out the wind turbine fluid flow simulation. The mesh elements adopted for the computational model are shown in Fig. 2 . In order to resolve the strong gradients in the vicinity of the wind turbine rotor, a high concentration of grid points was distributed in the region around and downstream of the rotor, to account for the wake expansion. The surface meshes were created with fine triangles and the grid consisting of layers of prism elements were used near the surface and tetrahedral elements were used further away from the surface. The total number of cells in the numerical grid was 4.6×10 6 .
553 Fig. 2 Total mesh of the computational domain.
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Solution methodology
The complete set of fluid equations consists of the continuity equation, the three momentum equations for the transport of velocity, and the transport equations for k and . To solve the RANS equations in the near and far wake regions of the wind turbine, the full rotor approach is applied for the representation of the rotor in computational mesh. The standard kmodel is used to deal with the turbulence. The fluid equations are solved by employing FLUENT in the three-dimensional mode. It uses a control-volume-based technique for converting the governing equations into algebraic equations, to be solved numerically. The solution algorithm adopted is SIMPLE, and the first-order upwind scheme is used for all the dependent properties.
Results and Discussion
Figs. 3 and 4 show the dimensionless streamwise velocity (u/U) profiles versus the spanwise direction y/D, obtained at hub height at different distances downstream of the wind turbine. The computations using the present methodology are compared with the experimental data of Magnusson et al (1996) for two upstream wind speeds of 8 and 11 m/s prevailing at the hub height. It is seen from the figures that the wake simulation gives a good estimation of the wake deficit compared to the measurements. is normalized to that of the rotor at zero tilt angle (P r0 ). Tilting the turbine has a significant effect on the power output, as shown in Fig. 5 . The power available at the wind turbine rotor decreased with increasing the blades tilt angles. This is due to the running of the wind turbine outside the optimum setting. With the changes in the tilt angle of the wind turbine, the angle of attack on rotor blades also changes and this leads to changes in the aerodynamic behavior of the blade. In addition, when the turbine is in a tilt position, both the effective wind velocity and the rotor swept area are affected. The power loss in the case of low wind speed is higher than that of high wind speed values. The wind turbine loses around 14% of its power output when it is running under tilt angles of 15 degrees. 
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A chart of the wind power available from equivalent rotor area in the wake downstream of the wind turbine is shown in Fig. 6 . The wind power in the wake at different tilt angles (P w ) is normalized to that of the zero tilt angle case (P w0 ). It is noticed from the figure that the tilt of 5 degrees has no significant effect on the wake recovery, except the case of 8 m/s wind speed up to 5 D downstream. A significant increase in the wake velocity and hence wake power is achieved for the tilt angles of 10 and 15 degrees. At 8 and 11 m/s wind speeds, the gain of wind power shown in Figs. 6 (a) and (b) in the wake region up to 8 D downstream, due to tilting the blades, is higher than the rotor power loss shown in Fig. 5 . Hence, a useful increase in the total power could be achieved by tilting the blades, if the second wind turbine is positioned within 8 D downstream region. However, changing the tilt angle at higher wind speeds is useful only if the second wind turbine is positioned within 4 D downstream region. 
Conclusions
In the present work, a full scale analysis on a Danwin 180 kW wind turbine with direct rotor modelling was carried out. There is a good agreement between the obtained flow velocity and the available experimental results reported in the literature. The effects of tilt angle on the amount of power extracted from the upstream turbine and the power available in the wake downstream were studied. The loss in the rotor power reaches 14% for the tilt angle of 15 degrees. However, tilting the rotor blades has high significance on the wake recovery, and the gain in power recovery in downstream of the turbine increases with increasing the tilt angle especially in the near wake region. Depending on the distance of separation between the wind turbines and the value of the upstream wind speed, the total power output could be increased even when adjusting the upstream turbine to operate slightly outside the optimum setting which extracts less power.
